The LMO2 gene is activated by chromosomal translocations in human T cell acute leukemias, but in mouse embryogenesis, Lmo2 is essential for initiation of yolk sac and definitive hematopoiesis. The LMO2 protein comprises two LIM-zinc-finger-like protein interaction modules and functions by interaction with specific partners in DNA-binding transcription complexes. We have now investigated the role of Lmo2-associated transcription complexes in the formation of the vascular system by following the fate of Lmo2-null embryonic stem (ES) cells in mouse chimeras. Lmo2 is expressed in vascular endothelium, and Lmo2-null ES cells contributed to the capillary network normally until around embryonic day 9. However, after this time, marked disorganization of the vascular system was observed in those chimeric mice that have a high contribution of Lmo2-null ES cells. Moreover, Lmo2-null ES cells do not contribute to endothelial cells of large vessel walls of surviving chimeric mice after embryonic day 10. These results show that Lmo2 is not needed for de novo capillary formation from mesoderm but is necessary for angiogenic remodeling of the existing capillary network into mature vasculature. Thus, Lmo2-mediated transcription complexes not only regulate distinct phases of hematopoiesis but also angiogenesis, presumably by Lmo2 interacting with distinct partners in the different settings.
D
evelopment of a vascular system is essential for embryos to grow after they reach a certain size to allow blood flow to the rapidly developing embryonic tissues. In embryogenesis, the vascular system is constructed by two distinct processes (1) (2) (3) . The first is vasculogenesis, which forms a primary capillary network from hemangioblasts, which are putative precursors specified from mesoderm. The mature vascular structures are formed by a second process, called angiogenesis, which is a remodeling of the endothelial cells from the existing capillary network into mature blood vessels. There is a close relationship between endothelial cells and blood cell specification (4) (5) (6) (7) (8) . Yolk sac hematopoiesis begins around embryonic day (E)7.5 in yolk sac blood islands, where centrally located cells give rise to blood cells and those on the periphery flatten and form vascular endothelial cells. On the other hand, definitive hematopoiesis initiates in the aorta-gonad-mesonephros region around E10.5 of mouse embryogenesis (9, 10) . Moreover, in definitive hematopoiesis, blood cells are thought to be derived from endothelial cells of large arteries such as the dorsal aorta, umbilical artery, and vitelline artery in humans (11) .
Transcription factors involved in these processes are important in control of both endothelial and hematopoietic cell fate. Few transcription factors that are involved in vasculogenesis or angiogenesis have been identified. Lmo2 was a candidate for such a role because of its role in hematopoiesis. LMO2 was first discovered by its homology with the T cell oncogene LMO1 (12) , and it is also activated by chromosomal translocations in some T cell leukemias (12, 13) . Normally, Lmo2 is an essential protein in both the primitive and definitive hematopoietic pathways (14, 15) and seems to mediate multimeric protein complexes through its LIM-domain zinc-finger-like structures (16, 17) . The ability of the Lmo2 protein to interact with other proteins led to the identification of a multimeric protein complex in erythroid cells, comprising Tal1͞Scl, E47, Ldb1, and GATA-1 in addition to Lmo2, which binds specifically to a bipartite DNA sequence (18) . In view of the various roles for Lmo2 in hematopoiesis, it has been proposed that the Lmo2 acts as a bridging molecule that facilitates the formation of different multimeric complexes that regulate transcription of different genes at stages of hematopoiesis (15, 19, 20) .
To assess a possible function of Lmo2 in transcriptional regulation of vascular development and consequent blood cell specification, the formation of the vascular system has been assessed in mouse chimeras generated with Lmo2-null embryonic stem (ES) cells. We have introduced the lacZ gene into the Lmo2 gene of ES cells by homologous recombination. The fate of ES-derived cells after injection into blastocysts was followed in embryonic vasculogenesis and angiogenesis via ␤-galactosidase expressed from the Lmo2 promoter. Comparing heterozygous and homozygous null Lmo2 ES cell fate, we observed that Lmo2 was expressed in endothelial cells during mouse embryogenesis and that vasculogenesis proceeded normally in the absence of Lmo2. However, the Lmo2 gene plays a critical role in the construction of the mature vascular network (angiogenesis), because this process did not occur in chimeras with a high contribution from Lmo2-null ES cells.
Materials and Methods
Homologous Recombination. Construction of the Lmo2-lacZ targeting vector is described in Fig. 1 . The linearized targeting vector DNA (25 g) was used in the transfection to CCB ES cells by electroporation. Selection of resistant clones was done by cell growth in medium containing either 400 g͞ml G418 (GIBCO) or 300 g͞ml hygromycin B (Calbiochem). Targeted clones were found by sequentially hybridizing ES cell DNA [by standard filter hybridization (ref. Production of Chimeric Mice and Germ-Line Transmission. ES cells were microinjected into C57͞BL6 blastocysts and transferred to CBA͞C57͞BL6 recipients. For the embryonic studies, the day of injection was designated as E2.5. Germ-line transmission of the targeted allele was confirmed by Southern filter hybridization with tail DNA. The embryonic lethal phenotype of homozygous Lmo2 null Ϫ͞Ϫ embryos was confirmed for the KZ26 Abbreviations: En, embryonic day n; ES, embryonic stem; X-Gal, 5-bromo-4-chloro-3-indolyl ␤-D-galactoside; kb, kilobase.
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germ-line transmitted allele by interbreeding heterozygous ϩ͞Ϫ carrier mice and examining the resulting embryos. This procedure showed that the KZ26 Lmo2-lacZ null mutation behaves the same as the previously described Lmo2 mutation (14) . Staining. Embryos at each stage were excised from the uterus, and any maternal decidual tissue was removed. Whole embryos were examined for X-Gal staining of ␤-galactosidase activity (resulting from Lmo2-lacZ gene expression) according to the procedure described in refs. 23 and 24. For histological studies, embryos were fixed in 10% (vol͞vol) buffered formalin after X-Gal staining and embedded in paraffin. Sections were mounted on slides and counterstained with eosin.
Results

Construction of lmo2-lacZ Fusion Gene in ES Cells by Homologous
Recombination. Fig. 1 A shows the structure of the Lmo2-lacZ fusion gene with lacZ incorporated into exon 2 of Lmo2. An ES Fig. 1 . Lmo2-lacZ fusion gene knock-in by homologous recombination. Two constructs were used to create the Lmo2-targeted ES cells used in this study. CCB ES cells were transfected with pKO5-lacZ-neo (A), and targeted events were detected by filter hybridization. Several targeted clones were initially analyzed, and one (designated KZ26) was chosen based on its ability to yield consistently high levels of chimerism in mice after injection into blastocysts. The KZ26 clone ϩ͞Ϫ was used for a second transfection with pKO5hygro(tk), and three clones (clones 1, 16, and 64) were studied in which the second allele of Lmo2 had been targeted to yield KZ26 Ϫ͞Ϫ (Lmo2 Ϫ͞Ϫ) ES cells. (A) Construction of the Lmo2-lacZ fusion gene targeting vector was done by cloning of 4.5-kilobase (kb) blunt-ended SfiI fragment of SfiI-lacZ-MC1neopA (38) into a blunt-ended BamHI site of gene targeting vector pKO5(tk) (14) . In the resulting clone, KO5-lacZ-neo, the 24th codon of Lmo2 (exon 2) was linked to the 2nd codon of lacZ by a 12-bp linker sequence. The hygromycin-targeting vector pKO5hygro(tk) and the probes used to assess gene targeting, indicated on the map of pKO5-lacZ-neo, have been described (14) . The targeting of the pKO5-lacZ-neo into Lmo2 yields a 6-kb SacI fragment with probe A (compared with a 9-kb germ-line band) and a 9.5-kb BamHI band with probe B (compared with a 12-kb germ-line band). Probe C is a neo probe used to verify a single insertion of the targeting vector. Targeting of pKO5hygro(tk) into Lmo2 yields a 10.8-kb SacI band with probe A and a 13.8-kb BamHI band with probe B. S, SacI; B, BamHI. (B) Detection of homologous recombination in ES clone DNA by Southern filter hybridization with probe A (3Ј flanking), probe B (5Ј flanking), and probe C (internal). Hybridization of representative ϩ͞ϩ (wildtype) and ϩ͞Ϫ (neo-targeted) clones is shown. Wt, wild-type hybridization band. (C) Identification of three independent double-targeted Lmo2 Ϫ͞Ϫ clones (clones 1, 16, and 64) by filter hybridization with probe A. The integrity of these second targeted alleles was verified by using probe B and an internal hygromycin probe (data not shown).
clone was selected with the lacZ gene knock-in of one Lmo2 allele ( Fig. 1 A, KZ26 ϩ͞Ϫ ES cells), and this clone was retransfected with a Lmo2-hygromycin vector to create ES cells with a second targeted Lmo2 allele (KZ26 Ϫ͞Ϫ; three independent clones were studied: clones 1, 16, and 64). Expression of ␤-galactosidase is controlled by the Lmo2 gene in these ES cells or their derivatives in vivo after injection of the ES cells into blastocysts and generation of embryos. In addition, the Lmo2 ϩ͞Ϫ ES cell (KZ26) was used to obtain germ-line transmission of the targeted allele to give KZ26 heterozygous mice.
Lmo2 Is Expressed in Endothelium.
We have used ␤-galactosidase to follow the fate of Lmo2-expressing ES cells in developing embryos. Initially, we used the KZ26 heterozygous mice to study the pattern of ␤-galactosidase expression from E8.5 to E14.5. During these embryonic stages, we found X-Gal staining chiefly in endothelial cells of the whole-body vascular system. From E11.5, X-Gal staining was also found just beneath the apical ectodermal ridge of limb buds, which is mesenchymal tissue called the progress zone. This tissue is avascular area and the field of sprouting angiogenesis. Additional sites were the tail bud and hippocampus. Fig. 2 A and B shows E10.5 and E12.5 Lmo2 ϩ͞Ϫ embryos, respectively. Expression of ␤-galactosidase in the limb buds can be seen in histological sections (Fig. 2D) . The X-Gal staining of vessel endothelium is shown in a tissue section (Fig. 2C) . These ␤-galactosidase expression data are compatible with Lmo2 expression patterns observed with RNA in situ hybridization (25) (26) (27) (28) , indicating that the expression of ␤-galactosidase in endothelial cells is also a true reflection of Lmo2 promoter activity in embryogenesis.
Lmo2-Null ES Cells Cannot Contribute to Endothelial Cells of Large
Vessels After E11. As a method of following the fate of ES cells with the Lmo2-lacZ fusion gene and studying the consequence of the homozygous null mutation, we have compared the ␤-galactosidase staining patterns of chimeric embryos derived from injection of KZ26 ϩ͞Ϫ and Ϫ͞Ϫ ES cells into blastocysts (Fig. 3) . A number of findings emerged from this study. At E9.5, there was no obvious difference between ϩ͞Ϫ and Ϫ͞Ϫ chimeric mice (data not shown). When E11.5 embryos of comparable size were stained with X-Gal from either KZ26 ϩ͞Ϫ or Ϫ͞Ϫ injections (Fig. 3 A and B respectively), the ␤-galactosidase patterns were markedly different with respect of endothelial cell staining. KZ26 ϩ͞Ϫ E11.5 chimeric embryos have a staining pattern very like that of heterozygous embryos (Fig. 2) . On the other hand, the E11.5 Ϫ͞Ϫ chimeric embryos showed almost no contribution of ES-derived cells to the vascular system (Fig. 3B) , although the ES cell contribution to the limb buds and hippocampus was retained. Peripheral scattered endothelial cells were observed by X-Gal staining, but there was no contribution of Lmo2 Ϫ͞Ϫ ES cells to major vessel endothelial cells. The consistency of this observation was shown by examination of KZ26 ϩ͞Ϫ and Ϫ͞Ϫ embryos at E12.5. Fig. 3C shows a KZ26 ϩ͞Ϫ chimeric embryo with an extensive staining pattern of endothelial cells and, in addition, limb bud and hippocampal staining. By contrast, E12.5 KZ26 Ϫ͞Ϫ embryos from clone 1 (Fig. 3D ), clone 16 ( Fig. 3E) , or clone 64 (Fig. 3F) did not have endothelial cell staining, but each had comparable limb bud, tail, and hippocampal staining. This lack of E12.5 endothelial cell staining parallels that of the E11.5 Ϫ͞Ϫ chimeric embryos (Fig. 3B) .
Vascular Disorganization and Growth Retardation in High-Level Lmo2-
Null Chimeras. Vascular endothelial remodeling begins at around E10.5 in mice. The effect of the null Lmo2 mutation was studied at this crucial stage. Embryos were obtained at E10.5 from a litter resulting from injection of KZ26 Ϫ͞Ϫ clone 1 into blastocysts and were whole-mount stained with X-Gal. The staining patterns of seven embryos were compared (Fig. 4 B-H) with an E10.5 KZ26 ϩ͞Ϫ chimera (Fig. 4A) . In the Ϫ͞Ϫ chimeras, there was remarkable size variation, which was inversely proportional with the degree of ES cell contribution to endothelial cells (as judged by X-Gal staining). Mice with high X-Gal staining (i.e., high contribution of Lmo2 Ϫ͞Ϫ ES-derived cells) were smaller than those with a low contribution in the same litters (Fig. 4) . Normally sized Lmo2 Ϫ͞Ϫ embryos had essentially no endothelial cells stained, although they retained limb bud and tail staining. In those small mice with high X-Gal staining, there was no well organized vascular system (Fig. 4 J  and K) , suggesting that when the chimerism of Ϫ͞Ϫ ES cells was high, the endothelial remodeling fails because of a lack of Lmo2; these embryos are consequently destined to die (see below; Table 1 ). If there is relatively low chimerism in the embryos, they survive, presumably because blastocyst-derived cells can replace ES-derived ones in the remodeling process.
These data indicate a selective inability of Lmo2-null ES cells to contribute to endothelial cells after about E10.5-E11.5. The consistency of these observations has been confirmed by analysis of a large number of embryos from litters made by injecting the KZ26 Ϫ͞Ϫ clones into blastocysts. These data are summarized in Table 1 . Although the chimeric embryos made with the heterozygous ES cells KZ26 uniformly survived at all stages from E9.5 to E12.5 (Table 1) , survival of the KZ26 Ϫ͞Ϫ chimeras was 100% at E9.5 only. Thereafter, viability progressively decreased, concomitant with lower proportions of lacZpositive chimeras. All together, 188 Ϫ͞Ϫ chimeric embryos were analyzed, and a large gap in the survival ratio and X-Galpositive ratio occurs between E10.5 and E11.5. There was no such relationship in ϩ͞Ϫ chimeric mice. Endothelial remodeling and survival do not occur if embryos have high proportions of Lmo2 Ϫ͞Ϫ ES-cell derivatives, because they fail to form a mature vascular system. It is possible that Lmo2 Ϫ͞Ϫ endothelial cells become selectively apoptotic after E10.5.
Discussion
The Lmo2 LIM-Only Protein Is Specifically Needed for Angiogenesis.
Vasculogenesis and angiogenesis are separate processes requiring separate signals and presumably separate transcriptional activity. Several tyrosine kinase-type cell surface receptors have been shown to be specifically expressed on endothelial cells, and they have important roles in either vasculogenesis or angiogenesis (3, 29) . These signaling pathways are presumably responsible for activating transcription factor expression in the distinct vascular formation pathways. The requirement for Lmo2 in development of definitive hematopoiesis (15) suggested that this factor might be involved in endothelial cell differentiation. The data presented here confirm this possibility by showing a selective inability of Lmo2-null ES cells to contribute to vascular endothelial cells after about E10.5. The initial process of vasculogenesis, however, does not seem to require Lmo2, and thus Lmo2 is only necessary in vessel formation in angiogenesis. These findings suggest that at least two different functions of Lmo2 must now be considered, i.e., in angiogenesis and in hematopoiesis. These putative roles of Lmo2 may be enacted before the specification of the hematopoietic stem cells or in proliferation and͞or further differentiation of hematopoietic Summary of chimeric mouse survival. Chimeric mice were produced from the injection into blastocysts of ES cells with a knock-in of lacZ into one allele of Lmo2 (KZ26 ϩ͞Ϫ) or a knock-in of lacZ into one allele of Lmo2 and a knock-out of the second allele by insertion of hygromycin (KZ26 Ϫ͞Ϫ). These blastocysts were implanted into recipients. At the specified embryonic time points, uterine sacs were counted, and embryos were dissected and stained for ␤-galactosidase activity with X-Gal. The data are expressed as the percentage of live embryos per total uterine sacs ( A ͞B) (those embryos with marked degeneration were not included) and the percentage of ␤-galactosidase-positive embryos ( C ͞B). For the KZ26 Ϫ͞Ϫ ES clones, the number of embryos examined for each clone is given (note that no clone 64 embryos were examined at E9.5, E11.5, or E14.5). *Uterine sacs uncountable because of degeneration. stem cells. If the origin of hematopoietic stem cells occurs in the aorta-gonad-mesonephros region in the endothelium of large arteries, the role of Lmo2 in angiogenesis (before the specification of hematopoietic stem cells) may also explain the role in definitive hematopoiesis (although it would not explain that of yolk sac hematopoiesis). The expression of Lmo2 in hematopoietic progenitor cells, however, also suggests that specific roles may be associated with different hematopoietic lineages.
Lmo2-Containing Complexes in Vascular Formation. The Lmo2 protein comprises two LIM domains that provide surfaces for protein interaction (30) . Among proteins that can interact with Lmo2 is the basic helix-loop-helix T cell product oncogene Tal1͞Scl (16, 17) . This protein is expressed in endothelial cells (31) and has a role in hematopoiesis (32) (33) (34) (35) akin to that observed for Lmo2 (14, 15) . Thus, it is interesting that studies of null mutation of Tal1 gene showed that the gene has a role in yolk sac angiogenesis (36) . Lmo2 binds to Tal1, in conjunction with E47, forming a DNA-binding element (18) . A possible explanation for the Lmo2 function in specific embryological functions is that the Lmo2 molecule brings different sets of DNA-binding proteins together with the Tal1-E47 to create distinct bipartite DNA-binding complexes in different developmental cell types. This notion of pluralism for Lmo2 complexes (15, 18, 19) parallels the cocktail party model of hematopoiesis (37) .
It is intriguing that Lmo2 is expressed in embryonic vasculogenesis but does not seem to have a role in differentiation of this mesoderm. It may be that Lmo2 can catalyze the formation of a multimeric complex, possibly with Tal1, E47, and Ldb1, at the vasculogenesis stage, but that this complex cannot function at that point in development, perhaps because of the lack of other interacting partners. As differentiation proceeds, new transcription factors may be expressed (perhaps activated by angiogenic growth factors) that could contribute to the Lmo2-associated complex and thereby create a DNA-binding complex that controls the target gene expression required for angiogenesis to proceed. The variation in composition of these putative complexes is an interesting area of investigation, as are the target genes regulated (positively or negatively) by the different Lmo2-containing complexes.
Finally, the role of Lmo2 in embryonic angiogenesis has implications in adult angiogenesis. There are a number of clinical conditions in which angiogenesis is important, such as tumor neovascularization, burn recovery, wound healing, and diabetic retinopathy. Lmo2 is expressed in the endothelial cells of adult mice (Y.Y. and T.H.R., unpublished observation) and humans (M. McCormack and T.H.R., unpublished observation), and TAL1 is also expressed in endothelial cells (31) . The regulation of angiogenesis by these nuclear factors, therefore, has potential application to the treatment of angiogenesis-associated diseases in humans.
